The relations existing between conductivity and viscosity have been the subjects of investigation by many others. G. Wiedemann 6 ) showed that the conductivity of copper sulphate in water varies inversely as the coefficient of viscosity, and directly as the concentration.
resistance to the movement of the ion during the passage of an electric current is, in each case, due to friction of solvent molecules with each other. He concluded that, in alcohol-water mixtures, the conductivity at great dilutions is to be obtained by multiplication of the conductivity in water by a factor which depends only upon the percentage of alcohol, and not upon the nature of the electrolyte; also that molecular conductivity is proportional to fluidity until the proportion of alcohol becomes greater than about 50 per cent., when the conductivity is less than would be expected.
both temperatures and for all of the solvents examined, with the exceptions of water and glycol. The value for water was found to be 100, that for glycol 1-32 and the mean for all of the other solvents examined 0·700. He remarked that water and glycol seem to stand in distinct classes, as is the case with regard to many other properties.
Having this relation in mind, he thought it possible to calculate the maximum molecular conductivity from the known constant and the viscosity coefficient. In the cases studied by Waiden, he found the temperature coefficients of conductivity and of fluidity to be the same. coefficient of acetone is much smaller than that of any of the other three solvents. The fact that the above named salts show abnormally low conductivities in acetone, thus points to the probability of a relatively small ionic concentration. If we consider first the way in which the conductivities increase with increasing dilution, it will be noticed that the first slow increase in molecular conductivity suggests the case of a dilute solution of a nearly completely dissociated salt, while the later rapid increase is what would occur if more of the salt were continually added. This is what might be expected if the salt in the more concentrated solutions were associated to a greater or less extent This would result in a small initial concentration of single molecules, which, existing in equilibrium with the ionized portion, might themselves obey, at least approximately, one of the dilution laws. Association would become less as more of the solvent were added, resulting in an increase in the number of single molecules, and, subsequently, of ions in the solution.
In 1902 Jones 1 ) showed that certain salts have abnormally high molecular weights in acetone solutions, although the same solutions conduct the electric current to a considerable extent. He pointed out the fact that this is not inconsistent with Arrhenius' theoiy of electrolytic dissociation, since it is quite conceivable that association and dissociation ipay occur in the same solution. It may be remarked that this is known to be the case, for instance, with many homogeneous liquids, such as water. The salts examined by Jones and found to have molecular weights above the normal were cadmium iodide and ammonium sulphocyanate, both of which Dutoit and Friderich 2 ) had previously described as having normal molecular weights in acetone. If the above noted abnormal conductivities are to be explained by assuming association of the electrolyte, it should be possible, by attaining sufficiently great dilution, to break down these associated molecules into single molecules, and, subsequently, into ions; in which case the molecular conductivity might reach a value in accord with the rule which has been established in practically all other cases which have been tested, namely, that molecular conductivity is inversely proportional to viscosity. The curves representing molecular conductivity and fluidity, respectively, would then assume similar forms, minima in the one corresponding to minima in the other, etc. An effort has been made to determine the conductivities of the solutions in question at high dilutions, approaching the region of complete dissociation. We can, at present, see no reason why there should be any constant relation between molecular conductivity and viscosity in different solvents, until this point is reached, bearing in mind the widely differing degrees of dissociation existing in solutions of the same concentration in different solvents. In very dilute solutions the difference between the viscosity of the solution and that of the solvent is generally much less than the experimental error, hence we have directly compared our values for the conductivity of the solution with those for the viscosity of the solvent.
The questions for which we have sought the answer are, then, the following:
1. Will those salts that have, at ordinary concentrations, abnormally low values for molecular conductivity possess, when completely dissociated, values which are inversely proportional to the coefficient of viscosity?
2. If so, is the product of molecular conductivity and viscosity constant for mixed solvents and at different temperatures?
3. Is the value of the constant the same for different electrolytes? 4. Are the abnormal conductivities in acetone and mixtures of acetone with other solvents due to association of the salt?
Experimental
The determination of conductivity in very dilute solutions is attended with considerable difficulty. Dutoitand Levier 1 ), and Dutoit 2 ), commenting upon the lack of agreement between conductivity values in acetone, as obtained by different investigators, attributed the differences chiefly to the use of platinized electrodes, to the action of light, and to the use of impure solvents. Cohen 3 ) had already noticed that electrodes which are coated with platinum black cause changes in the solutions, resulting in fictitious conductivity values; and he supposed this to be due to catalytic action of the platinum black. Dutoit and Levier also showed that such electrodes gave rise to errors, through adsorption of the dissolved substance. They also observed that the action of light upon acetone solutions causes a decrease in the conductivity; η Journ. Chim. Phys. 8, 435 (1905) . ») Z. f. Elektroch. 12, 642 (1906) . ·) Loc. cit. this change being reversed if the solution is subsequently placed in the dark.
In working with veiy dilute solutions it becomes necessary, either to make comparatively large amounts of each solution by direct weighing of the electrolyte, or to obtain the highly dilute solution by successive additions of solvent to the more concentrated solutions. The first method becomes impracticable when using solvents which are relatively difficult to prepare in the pure state. The second method introduces the error due to the large number of volume measurements which are necessarily made. We have, however, followed the latter method, making each solution from the one next higher in concentration.
Apparatus.
In making conductivity measurements Kohlrausch's method was used, the Wheatstone bridge, induction coil, resistance coils and telephone being made by Leeds and Company, of Philadelphia. The resistance coils were guaranteed to be accurate to within 0-04 percent. For high resistances, two sets of coils were placed in series, giving a total available resistance of 42000 ohms. The bridge wire was calibrated by the method of Strouhal and Barus 1 ). For compensating the electrostatic capacity of the conductivity cells when measuring high resistances, a condenser was used, consisting of two brass plates, sliding over each other and separated by a thin sheet of paraffined paper. The conductivity cells were those described by Jones and Bingham 2 ), and the resistance capacity was determined by the use of 0 02 normal and 0002 normal potassium chloride solutions, 129-7, the value given by Ostwald 3 ), being taken as the molecular conductivity of the 002 normal solution. The electrodes were platinized before using, by electrolysis of a dilute solution of platinum chloride in the cell, after which they were heated in the flame of a blast-lamp until whitened. After using a given solution, the cell was thoroughly washed out and allowed to stand filled with distilled water for at least a day; it was then dried by means of alcohol. We satisfied ourselves, by repeated tests, that this method of drying did not produce acid on the electrodes. Measurements were made at 0° and 25°. The thermometers were graduated in 0-2° intervals and were compared with a thermometer that was certified by the Reichsanstalt. Viscosity measurements were made by means of a modified form of the Ostwald viscometer 1 ). The modification has been described by Jones and Yeazey 2 ). Viscosity was calculated from the formula:
ST in which η is the viscosity coefficient for the fluid in question, η0 is the viscosity coefficient for water at the temperature at which the experiment is being carried out, S is the specific gravity of the solvent or solution, Τ is the time of flow of the solvent or solution, S0 is the specific gravity of water at the given temperature, and T0 is the time of flow for water. Fluidity was calculated from the formula:
Fluiditv -Φ = ~~ · V The viscosity coefficients for water which were used in the calculations, are those taken from the researches of Thorpe and Roger 3 ). Specific gravities were determined by the use of the picnometer described by Jones and Veazey. The viscometers and picnometers were made for us by Eimer and Amend of New York.
Burettes and graduated flasks were calibrated by direct weighing of distilled water, on the basis of the true liter, and corrected to use at 20°. Pipettes were not used in any part of the work.
Solvents.
Water was purified by the method of Jones and Mackay 4 ), ordinary distilled water being twice redistilled from chromic acid and once from barium hydroxide. The stills and bottles were protected from the entrance of carbon dioxide by a tube of soda lime. The average specific conductivity of the purified water was 1-2 Χ 10 -6 at 0°.
Methyl alcohol was prepared by boiling over lime and subsequent distillation into a bottle containing fresh lime, where it was allowed to stand for several weeks. It was redistilled immediately before using, and its average specific conductivity was 1 χ IO -6 at 0°.
Ethyl alcohol was prepared in the same manner as methyl alcohol. The average specific conductivity at 0 0 was 5 χ IO -7 .
Acetone was allowed to stand for a month or more over fused ') Physikochemische Messungen, 2. Aufl. S. 259.
calcium chloride, and was distilled immediately before using. Our experience with acetone was quite different from that of Du toit 1 ), in that we found that either acetone or solutions in acetone increased in conductivity very decidedly when exposed to sunlight or even fairly bright diffused light After distillation, therefore, the acetone was kept in the dark except when being used. It is believed that any error due to impurities in the acetone has been small in most cases, since acetone was obtained having a specific conductivity as low as 0-57 X 10~7 reciprocal Siemens units at 0°, and 0-75 χ IO -7 at 25°. Dutoit and Levier stated that Benz 2 ) obtained acetone having a specific conductivity of 0-23 χ 10 _T reciprocal Siemens units at 18°, this being the lowest of which we have found any record.
Solutions.
In all cases conductivity measurements were made with solutions from solvents which were distilled on the same or the preceding day. Solvents and solutions were kept in bottles of Jena glass. In mixing solvents and in making solutions, they were placed in a 20° bath for some time before diluting to the mark on the flask.
In designating mixed solvents, percentage by volume is understood.
An examination of the published viscosity data for mixed solvents will show that there are slight differences between the values given by different investigators, Percentage of acetone.
Fluidity of acetone mixtures at 0°. In table 1, the symbols have the following significance : η0° is the coefficient of viscosity at 0°, η 25° that at 25°, Φ 0° the fluidity at0°, and Φ 25° that at 25°. The temperature coefficient of fluidity is the change in fluidity per degree, divided by the fluidity at 0°. In the conductivity tables, molecular conductivities are indicated, and V is the number of liters of solution containing a gram-molecule of the electrolyte. The temperature coefficient of conductivity is the change in molecular conductivity per degree, divided by the molecular conductivity at 0°.
The first compound that we studied in this connection was lithium nitrate, and the sample used was Kahlbaum's preparation, which after testing was dried to constant weight at 150°.
Percentage of acetone. tivity for different percentages of acetone was different from that of the fluidity curves; in that conductivities in acetone were decidedly less than normal, and that no known dilution law would apply to the more concentrated solutions. We have used the same solvents and mixtures of solvents, and have measured the conductivities at dilutions as
Percentage of acetone. are given here in order to show the abnormality produced by acetone as a solvent, and the striking change in the conductivity as the dilution increases. In the solutions in pure water and in pure acetone it would seem that complete dissociation has been ver}' nearly attained. In water solution the value for at 18°, calculated from the law of Kohlrausch and by use of the constants for the ions of lithium nitrate as given by him 1 ), is 95. The corresponding value, calculated from our highest conductivity at 0°, by use of the temperature coefficient, is 94.
In the solutions other than in water and acetone complete dissociation has not been reached, but we have approached it closely enough that the properties of the completely dissociated solution may be predicted. 
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It will be seen that Κ becomes practically constant at V = 200, for solutions at both 0° and 25°; which would indicate that the highest value for μthat obtained at V = 100000, is not far from the maximum molecular conductivity. The fact that Κ decreases rapidly at first, may be explained on the general ground that Ostwald's dilution law is not applicable to solutions of strong electrolytes, or upon the assumption of polymerization of the electrolyte. It will appear later that there is reason for the latter view.
In table 7 is given the calculated product of viscosity and molecular conductivity for all of the solutions. In these calculations we have used, in each case, the viscosity of the solvent, which is practically identical with that of the dilute solution, and have taken for μ Ύ the highest value which has been obtained in this work. The product of viscosity and molecular conductivity is seen to be nearly a constant, for mixtures of acetone with methyl alcohol and with ethyl alcohol. This constant is independent of temperature and its value is nearly 0-70, -the value found by Waiden for tetraethyl ammonium iodide in a large number of organic solvents. For mixtures of acetone with water, the product varies between about 1-00, the value for water, and about 0-60, that for acetone. The product for water is also shown to be the same as Walden's constant for water solutions. It is probable that, if complete dissociation could have been obtained in acetone, the product for this solution would have been found to be nearly 0·70, and that the product for mixtures of acetone and water would conform to the rule of mixtures. We have no explanation to offer for the fact that water differs so strikingly from the organic solvents, with respect to the numerical value of the product of maximum molecular conductivity and viscosity.
In order to test the assumption that the low conductivity shown by ordinary solutions of lithium nitrate in acetone is due to association of the salt, the molecular weight of lithium nitrate in acetone was de- termined by the boiling-point method. The apparatus used was the apparatus designed by Jones 1 ), the thermometer being the Beckmann instrument, graduated to 0 01°. The boiling-point constant for acetone was taken as 17-25, which is that found in a redetermination by Jones 2 ). The normal molecular weight of lithium nitrate is 69-07. The fact that, even in the most dilute solution which could be used with accuracy (0-09 N), the molecular weight is greater than this number is significant. If it be remembered that a portion of the salt is also ionized, and that the molecular ;veight as obtained by the boiling-point method is the average weight of associated molecules, single molecules and ions, existing simultaneously in the solution, it will readily be surmised that there must be a certain degree of association at much greater dilutions. This would explain the departure from the dilution law in those solutions in which the association has not entirely disappeared.
It has already been stated that cadmium iodide was found by Jones to be associated when dissolved in acetone. We have studied Table 17 .
Temperature coefficients of conductivity of cadmium iodide in mixtures of acetone and water. The conductivity of cadmium iodide in water has been studied by Lenz 1 ), Grotrian 2 ), Wershoven 3 ), Zelinski and Krapiwin 4 ), Fox 5 ) and Jones and Lindsay 6 ). Hittorf 7 ) determined the apparent transport numbers of the anion in solutions of different concentrations, and concluded that, in the more concentrated solutions, double molecules exist, which-dissociate to Cd" and Cdl4". Lenz also believed that the more concentrated solutions contain complex anions. McBain 8 ), on the other hand, followed a different line of argument and decided that double molecules exist, but that they dissociate to form the ions Cd"
and 2 Cdl3'. The conclusion \vas reached that at greater dilutions these ions are also broken down into the simpler ions Cd" and 37', resulting in a large increase in the molecular conductivity.
Bein 1 ') also studied the transport numbers of the anion of cadmium iodide at different temperatures, and showed that there is no perceptible change between 20° and 75°. 18, 190 (1883) .
From the work of Kümmel 1 ) it is evident that the apparent transport numbers of the halogens reach their minimum values in solutions of the cadmium halides which vary in concentration from 0-01 normal to 0-002 normal. Since the abnormally large apparent transport number for the halogen is supposed to be due to the fact that cadmium migrates towards both electrodes, this accords with the idea held by Hittorf, Lenz, and McBain, that the complex anions break down with increasing dilution.
Herz and Lewy 2 ) carried out partition experiments with cadmium iodide in water and amyl alcohol, from the results of which they were led to conclude that complex ions are present in the water solution.
It is not believed that the highest values for molecular conductivity which have been obtained in the present work are, in any of the solutions except those in water, the ones corresponding to complete dissociation.
McBain attributed to Zelinsky and Krapiwin the most accurate work on the conductivity of water solutions of cadmium iodide, and he regarded 278, a value calculated from their results obtained at 18°, as the correct value for the maximum molecular conductivity at 25°. This corresponds with the results of our measurements, which gave 279 at 25°. It is evident, from an inspection of the values of iT, calculated from Ostwald's dilution law, that this is very close to the maximum molecular conductivity. The regular decrease in the value of If until the dilution reaches about 0-001 normal, may be attributed to the non-applicability of the dilution law of Ostwald to solutions of cadmium iodide; or may be explained by the assumption of molecular association and simple ionization, or of association accompanied by the formation of complex ions, the latter being the most probable cause. There is almost 110 change in molecular conductivity with dilution, until a concentration of 0 0002 normal is reached. From this point the increase is quite rapid, but it has not been found possible to reach the maximum molecular conductivity, though this point has been, we believe, closely approached. The Ostwald constant, calculated for these solutions, shows a very rapid decrease until V = 5000, where it is constant until V = 50000. From this point it increases quite rapidly.
The large initial value of Λ' with its subsequent decrease, is probably due to association of the salt. The later rise in the value of Κ is, no doubt, clue to the fact that dissociation is not complete at V= 400000, so that we have used too small a value for μoe in the calculation of the dissociation at greater concentrations. It is thus evident that in acetone the dissociation is not complete at either temperature, although it is more nearly so at 0° than at 25°. This is to be expected from a knowledge of the temperature coefficient, which is negative below a dilution of 10000 liters, and has a very small positive value at higher dilutions. Since the change in conductivity, corresponding to a given rise in temperature, is the resultant of two factors, which are probably opposite in their effect; i. e., decrease in viscosity and probable decrease in ionization, it is seen that there must be a very large decrease in the ionization of cadmium iodide in acetone as we pass from 0° to 25°. Thus, the molecular conductivity curve for cadmium iodide in acetone-water mixtures at 0° suggests the fluidity curve for the solvents, more plainly than at 25°, and it seems probable that, could the conductivity be accurately measured at dilutions as high as 600000 or 700000 liters, the curves of molecular conductivity would become similar to those of fluidity, so that molecular conductivity and The irregularity in the value of the product of maximum conductivity and viscosity, in the case of acetone and methyl alcohol mixtures is probably due to the fact that complete dissociation was more nearly approached in some cases than in others. The values for pure acetone and for pure methyl alcohol are, however, nearly the same, and we may expect that the curves for maximum molecular conductivity, when finally obtained, will be found to be nearly straight lines, similar ro the fluidity curves for the solvents.
In the acetone and ethyl alcohol mixtures there is a fair degree of constancy in the product, and the conductivity curve is nearly the theoretical one. The acetone and water curve is also nearly the same as the fluidity curve for the solvents, and the value of the product almost exactly follows the rule of mixtures; although here again the exceptionally high value of the product for water is noticed, it being about 2-5 instead of 10, as in the case of lithium nitrate and tetraethylammonium iodide. The reason for this interesting fact must, for the present, remain unexplained. The work of others has shown that the general law which correlates conductivity and viscosity fails in the case of lithium nitrate, lithium bromide, cobalt chloride, and calcium nitrate, when dissolved in mixtures containing acetone as one of the components of a binary solvent mixture.
Zeitschrift f. physlk. Chemie. LXIX. 27 This is made evident by the abnormally low values for conductivity of these substances in acetone, and it was thought that it might be due to association of the salt in acetone. Determination of conductivity at high dilutions has shown that lithium nitrate, when completely dissociated, is no exception to the rule that molecular conductivity varies inversely as the viscosity; and boiling-point measurements have shown that, at ordinary concentrations, the salt is associated in acetone to a considerable extent. Cadmium iodide had already been shown to be associated in acetone, and further work on its conductivity in mixed solvents has shown that its behavior is similar to that of lithium nitrate.
The temperature coefficients of conductivity of lithium nitrate are of about the same order of magnitude as the temperature coefficients of fluidity, though generally somewhat smaller, except at high dilutions. This might be expected from the fact that dissociation is less at 25° than at 0°. This influence of temperature is seen more clearly in acetone solutions of cadmium iodide, which have negative temperature coefficients of conductivity below a dilution of 0 0001 normal.
Similar investigations are in progress, having to do with solutions of the other salts mentioned above.
